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Abstract
The relative jet correction removes the pseudorapidity dependence of the jet energy
response. The dijet balance method will be used for the derivation of the relative jet
correction from collision data. We describe the dijet balance technique using CMS
simulated events from p-p collisions at
√
s = 10 TeV and explore the feasibility of the
measurement with early data. We also investigate the inherent bias of the method due
to the varying jet energy resolution across the detector, estimate some of the dominant




Jets are composite objects observed in the CMS detector. They are reconstructed from calori-
meter energy depositions, combination of calorimeter and tracker measurements, from tracks
alone or from individually reconstructed particles. Here we concentrate on calorimeter jets
alone although the technique described can be applied to jets reconstructed from any kind of
detector input or reconstruction algorithm. We define the calorimeter jet (CaloJet) as the re-
constructed jet from the energy depositions in the CMS projective calorimeter towers and the
particle jet (GenJet) as the result of the jet finding algorithm on all the MC stable particles.
The purpose of the jet energy corrections is to associate the measured jet energy to the energy
of the final state particle jet. CMS plans to apply jet energy corrections in sequence where each
step serves a specific purpose. The multi-step approach allows for the employment of data
driven methods to derive the jet energy corrections. The default sequence for the jet energy
corrections, as described in [1], is expressed mathematically as:
Corrected CaloJet Energy = (CaloJet Energy−Offset)× Rel(η, p′T)× Abs(p′′T) (1)
where Abs is the absolute correction as a function of transverse momentum and Rel is the
relative correction as a function of pseudorapidity and transverse momentum. Here pT and
η are the reconstructed jet transverse momentum and pseudorapidity respectively, p′T is the
transverse momentum of the jet corrected for offset and
p′′T = p
′
T × Rel(η, p′T) (2)
is the transverse momentum of the jet corrected for offset and pseudorapidity dependence.
The relative correction removes the pseudorapidity dependence of the calorimeter response
and can be derived from data by using the dijet balance technique. The dijet balance method
was introduced by UA2 [2] and has been refined at the Tevatron experiments [3, 4].
The goal of this work is to present the dijet balance technique and explore the feasibility of the
measurement at CMS with early p-p collision data at
√
s = 10 TeV center of mass energy. We
also explore the inherent resolution bias of the method and estimate some of the dominant sys-
tematic uncertainties. This work serves as a guideline for the procedure that will be followed
for the derivation of the relative jet energy correction from collision data.
The analysis is performed with CMS simulated events and the jets are reconstructed with the
iterative cone algorithm of radius R = 0.5 in the (η, φ) plane [5] after applying the noise sup-
pression thresholds known as ”Scheme B” [6]. The jet transverse momentum reconstruction
threshold is 1GeV. In addition, the reconstructed jet energy in the forward region (|η| > 3) is
suppressed with a 0.7 factor which is implemented in order to reduce the trigger rate in this
region. In every event jets are ordered in decreasing pT.
2 Measurement
2.1 Description of the Dijet Balance Technique
The dijet balance technique is based upon the principle of transverse momentum conservation:
in the case of a two parton final state, the resulting particle jets have equal transverse momenta
in an ideal case. On the contrary, at the calorimeter level, the jets’ transverse momenta are not
2 2 Measurement
balanced on average due to the variation of the jet response across the detector (non-uniformity
in η). In order to derive the relative correction we consider events where one jet is observed in
the barrel region (barrel jet) with |η| < 1.3 and the other in arbitrary η (probe jet). The central
region is chosen as reference because of the uniformity of the detector [7] and because it has
the highest jet transverse momentum reach. The relative jet energy correction is defined as the
mapping from the average observed transverse momentum of a particle jet at some η, to the
average observed transverse momentum of the same particle jet in the barrel.

















The actual measurement requires the simultaneous recording of B and pprobeT , in bins of p
dijet
T
and ηprobe. The binning in terms of pdijetT reduces the effect of the finite jet energy resolution:
because of the steeply falling QCD spectrum, the binning in terms of pbarrelT or p
probe
T would lead
to systematically higher values of the corresponding quantities (bias towards high fluctuation
of the jet response). In the ideal case where the barrel jet and probe jet had the same energy
resolution, the pdijetT binning would cancel the resolution effect on average. However there
remains a residual bias, due to the different energy resolution of the jets, which will be dealt
with in detail in section 3.
The relative response, as a function of pseudorapidity, is shown in Figure 1 for different pdijetT
bins: at low transverse momenta, the relative response variation can be as much as 30% while
it reduces progressively to 2 − 3%. There is also a clear structure in the pseudorapidity de-
pendence of the relative response, which naturally divides the detector in 3 regions: barrel
(|η| < 1.3), endcaps (1.3 < |η| < 3) and forward (3 < |η| < 5).
The relative correction in a fixed bin is defined as the inverse of the relative response, as a











Eventually, in every η bin, the correction points are fitted with a second order polynomial of
the logarithm of the observed pT:
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Rel(η, pT) = a0(η) + a1(η) · log pT + a2(η) · log2 pT (7)
2.2 Trigger Requirements and Event Selection
The feasibility of the relative jet energy scale measurement with early data through the dijet
balance technique depends strongly on the deployed triggers. For this purpose, CMS plans to
use dedicated High Level Triggers which fire on the average pT of the two leading jets. The
existing single jet trigger paths are not adequate for the dijet balance measurement because
they are biased towards high fluctuations of either the probe jet or barrel jet pT. Furthermore,
the measurement with single jet triggers would have to start at higher values of transverse
momenta, reducing thus the available statistics. Instead, the dijet average pT trigger paths
are designed to maximize the available statistics and avoid any trigger bias. This will help to
reduce the overall jet energy scale uncertainty.
The dijet balance measurement will be performed on events that have been collected with the
dijet average pT trigger paths. Moreover, offline event selection criteria are applied, requesting
a) at least two reconstructed jets, b) at least one of the two leading jets lying in the barrel region
(|η| < 1.3), c) sufficient balance in the azimuthal plane (back-to-back: ∆Φjj > 2.7) and d) the
transversemomentum of the third jet (if any) should only be a small fraction of the dijet average
pT to reduce additional jet radiation that spoils the momentum balance of the two leading jets:
p3rdjetT /p
dijet
T < 0.1. This cut rejects events with significant radiation while retaining sufficient
statistics for the dijet balance analysis.
3 Resolution Bias
The resolution bias is an intrinsic bias of the dijet balance method, caused by the finite jet pT
resolution and the shape of the QCD spectrum. Since the barrel jet pT resolution is worse
than the probe jet’s (a given pT corresponds to lower energy in the barrel and the resolution
of the calorimeter improves with increasing energy) and because of the sharply falling QCD
dijet spectrum, it is more probable that the events entering a fixed pdijetT bin have their barrel jet
fluctuating high rather than the probe jet fluctuating low. The outcome of this interplay is that
the larger the difference between the probe and barrel jet resolutions, the higher the observed
pbarrelT is and due to the p
dijet
T constraint, the lower the observed p
probe
T is. Therefore the relative
response measured by the dijet balance technique is systematically lower. This effect is called
resolution bias and the measurement from the data must be corrected for this.
In general, the observed response from the dijet balance technique can be calculated directly,
given a specific assumption for the dijet particle spectrum and the calorimeter jet energy re-
sponse and resolution. Currently these are taken from the full CMS simulation but they will
be replaced by direct measurements of the jet energy resolution (using the asymmetry method
[8]) and the dijet production spectrum from collision data. In order to quantify the resolution
bias for the relative response, we denote as r = r f ull the value derived using the full jet energy
resolution and r = rδ the value derived using a δ-function resolution (perfect resolution). In
both cases the relative response is obtained with a toy MC tuned to the full CMS simulation.
The fractional bias for the relative response is defined as:
Bias(r) =
< r > f ull − < r >δ
< r >δ
(8)
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Figure 1: Relative jet energy response in various pdijetT bins. The η binning corresponds to
the hadron calorimeter tower boundaries. The error bars reflect the Monte Carlo statistics.
The observed structure is due to the convolution of the energy dependence of the calorimetric
response (E = pT cosh η, for fixed pT more energy is contained in outer rapidity jets) and other
factors such as different construction of the calorimeter parts, dead material in front of them,
different noise thresholds etc, which add to the η non-uniformity. At higher pdijetT bins the
relative response (vertical axis) approaches unity while the η range (horizontal axis) is reduced
(due to the kinematic constraint).
5while the bias correction factor is:
Cbias(r) =
< r >δ





In Figure 2 the relative response as a function of pseudorapidity is shown, in a low transverse
momentum bin where the resolution bias is more pronounced (due to the worse resolution).
As expected, in the barrel region there is no bias observed while it becomes non negligible
for outer rapidities. Overall, the bias of the dijet balance method is substantial and needs to
be corrected. In Figure 3 the relative response bias correction is shown as a function of the
observed jet pT, for different pseudorapidity ranges: at low pT it is as high as 17% for the
forward region while it becomes negligible above 150GeV. The change of the bias correction
as a function of η is a result of the relative response behaviour (Figure 1) which causes nearby
pseudorapidity regions to require much different resolution bias corrections.
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Figure 2: Relative jet energy response, in fine η bins corresponding to the hadron calorimeter
tower boundaries. Solid circle points are derived by direct calculation using the full jet energy
resolution. Open square points are derived by direct calculation using a δ-function jet energy
resolution. The difference between the two sets of points is the resolution bias.
4 Uncertainties
The relative jet energy correction depends on a number of factors that induce uncertainties.
Although the uncertainty on the relative correction is not as critical as the one from the absolute
correction, as far as the overall jet energy scale uncertainty is concerned, it still has a non-
negligible contribution and in some physics analyses it becomes more important (e.g. dijet
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Figure 3: Relative response bias correction factor in various η bins, as a function of the probe
jet pT.
The sources of uncertainty can be grouped into two categories. Data related sources: such as
statistics, event selection, trigger andMonte Carlo related: such as the inputs for the calculation
of the resolution bias correction. Regarding the data related sources of uncertainty, statistics
is taken into account by employing the full covariance matrix of the fitting parameters. The
event selection criteria have a marginal effect (< 0.5%) in the barrel (|η| < 1.3) and endcap
regions (1.3 < |η| < 3) while there is an observed 2 − 4% sensitivity in the forward region
(3 < |η| < 5). Also, due to the special triggers used for the dijet balance, there is no observed
trigger uncertainty or bias. The Monte Carlo related sources of uncertainty are the dominant
systematic ones, affecting the resolution bias correction. The sensitivity of the bias correction
has been tested by varying the jet energy resolution (independently in the barrel region by
±10% and in the outer rapidities by ±20%) and the dijet spectrum (by shifting the particle jet
pT by ±10%). The assumed uncertainties for the jet energy resolution and dijet spectrum are
the approximate expected values for startup. As soon as the jet energy resolution and the dijet
spectrum are measured from collision data, their uncertainties will be used for a more accurate
estimation of the bias correction uncertainty.
In an actual physics analysis one is interested in the uncertainty induced by the relative correc-
tion to the final, fully corrected jet pT. The relation between the corrected jet pT and the relative
correction factor is given below:
pcorT = Abs(pT · Rel(η, pT))× Rel(η, pT)× pT (10)










∣∣∣∣ dAbsd(Rel · pT)
∣∣∣∣ · pT) (11)
It is important to note that since the absolute correction is a monotonically decreasing function
of pT (negative derivative), the induced error (by the relative correction) on the fully corrected
jet is always smaller than the error of the relative correction itself (anti-correlation): if a jet is
overcorrected by the relative correction it will be corrected less by the absolute correction and
vice-versa.
Figure 4 is an estimate of the statistical uncertainty of the relative jet correction with∼ 0.5 pb−1
of data (corresponding to one week effective runtime at L = 8 · 1029cm−2s−1), propagated to
the final fully corrected jet energy. Figure 4 also shows the propagated systematic uncertainty
due to the resolution bias correction. The statistical uncertainty for fixed pT, as a function of
η is driven by the relative response (the higher the response the more events are collected by
the triggers) and the dijet production as a function of η (less events in outer η). The systematic
uncertainty due to the resolution bias is driven by the combination of the barrel jet and probe
jet energy resolution uncertainties. Also, at outer η the uncertainty of the dijet production cross
section becomes important (the dijet spectrum is more steeply falling at outer η).
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Figure 4: Left: estimated statistical uncertainty of the relative correction for integrated lumi-
nosity 0.5 pb−1, as a function of pseudorapidity, propagated to the fully corrected jet energy.
Right: estimated systematic uncertainty due to the resolution bias correction, as a function of
pseudorapidity, propagated to the fully corrected jet energy.
5 Application of the Relative Correction
In order to investigate as realistically as possible the feasibility of the dijet balance measure-
ment with early data, the relative correction has been calculated assuming only 0.5 pb−1 of
accumulated data with the dijet average pT trigger paths. The pseudorapidity binning used
(roughly 4 times coarser than the one expected when larger amount of data will become avail-
able) was adjusted so that a meaningful measurement is possible with the expected number of
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events. Also the resolution bias correction, described in the previous section, has been applied
to the relative correction derived from the Monte Carlo sample which was treated as data.
The closure test serves as a mechanism to evaluate the consistency of a method. While it is
typical to perform the same measurement (same method, same event selection criteria) used to
derive a correction on the corrected quantities in order to confirm its consistency, it becomes
non trivial in those cases where the methods themselves are subject to biases. In the dijet
balance method, there is an intrinsic, non-negligible resolution bias which needs to be taken
into account. Moreover, if the same method is applied to the corrected jets, the resolution bias
is different than that of the raw jets. Because of these complications, we define the closure of the
relative correction as its performance on the QCD jets when compared toMC truth information.
The relative jet correction has been applied to all calorimeter jets of all the simulated events (not
constrained to the subset that was used to derive the correction). The closure observable chosen





which serves as a measure of the relative response. Here Rη is the absolute jet energy response
at arbitrary η. It is defined as the ratio of the average observed jet pT over the average matched
particle jet pT (the matching is done by requiring
√








The relative response is recorded in bins of particle jet pT and η where the η binning is the same
as the one used for the determination of the correction.
In Figure 5 the relative response after applying the relative correction is shown as a function
of η in two particle jet pT bins. It is also compared to the same quantity before applying the
relative correction. The primary goal of flattening the response vs η is achieved, within the
expected uncertainties, with small residual deviation. The observed residual deviation is an
artifact of the coarse η binning and the correction application algorithm which performs an
interpolation between the neighbouring bins in order to smoothen the applied corrections.
The relative jet energy correction derived from the QCD jets is appropriate for this sample.
Other samples (e.g tt¯ → jets + X, multijets, etc) have different flavor composition (QCD is
dominated by gluon jets at low pT) and jet spectra. The performance of the relative correction
when applied to other samples is case dependent. However, the relative correction is mostly
dependent on detector effects (non-uniformity in η) and therefore is expected to be applicable
to most jet samples.
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Figure 5: The result of the application of the relative correction on all jets in two particle jet
pT bins. The open squares represent the relative response of the raw calorimeter jets while the
solid circles represent the same quantity for the corrected jets. The vertical error bars reflect the
expected uncertainty (statistical and systematic due to the resolution bias correction) while the
horizontal ones indicate the bins’ range.
6 Conclusion
The dijet balance is the data driven technique used by CMS for the determination of the relative
jet energy scale. The corresponding measurement is expected to be done as early as well un-
derstood collision data become available. The feasibility of the measurement at an early stage
depends critically on the employment of the proper high level triggers. An intrinsic character-
istic of the measurement is the resolution bias, caused by the much different pT resolution of
jets in different detector regions. It will be necessary to apply a non-negligible bias correction,
varying between 1% and 17%. This will be calculated from the CMS simulation at startup.
When the jet energy resolution and the dijet production rate are measured from the data, they
will be used to re-derive the resolution bias correction.
In this analysis, early trigger tables are used to demonstrate in detail the feasibility of the mea-
surement. The final relative correction is derived assuming only 0.5 pb−1 of accumulated data.
The independent Monte Carlo truth closure test presented here indicates that the derived cor-
rection flattens the jet energy response as a function of pseudorapidity. The statistical uncer-
tainty induced by the relative jet correction to the overall jet energy scale is below 1%. The
dominant systematic uncertainty is due to the resolution bias correction and has a strong pseu-
dorapidity dependence, rising up to 3% in the forward region for low pT.
10 6 Conclusion
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